ABSTRACT Freshly isolated normal and tumor mouse mammary epithelial cells embedded within a collagen gel matrix undergo sustained growth when cultured for as long as 3 wk in a serum-free medium composed of a 1:1 (vol/vol) mixture ofHepesbuffered Ham's F12 and Dulbecco's modified Eagle's medium supplemented with insulin, epidermal growth factor (EGF), transferrin, bovine serum albumin fraction V, and cholera toxin. Of these additives, only insulin, EGF, and albumin are required for the growth ofmost normal cells. Albumin is not always an absolute requirement for growth but greatly enhances it. Lithium has been found to stimulate the growth of normal cells and can replace EGF. The collagen matrix culture system allows sustained growth of primary cultures of both normal and neoplastic mammary epithelium in serum-free conditions. This serum-free system will be useful in identifying and investigating the role of hormones, growth factors, and nutritional factors in regulating the growth of mammary epithelial cells.
The hormonal control of mammary gland growth and development has long been the subject ofintense study. Both in vivo and in vitro organ culture studies have revealed apparent requirements for hypophyseal polypeptide and steroid hormones for mammary gland growth and development (1, 2) . However, the results from in vivo studies, with their inherent complexity, and from organ culture studies, which are often characterized by a limited growth response with obligatory hormonal priming of the donor animal, do not permit a clear distinction between direct and indirect effects of hormones upon the growth of the mammary epithelium.
Recently, a collagen gel culture system was developed in which mammary epithelial cells (mouse and human) embedded within the gel undergo sustained (i.e., prolonged) multifold growth in primary culture (3) (4) (5) . The importance of sustained growth in reducing the impact of endogenous factors with long half-lives, such as steroid hormones carried into culture by the cells (6, 7), should not be overlooked. The collagen gel system has permitted assessment of the ability of hormones such as prolactin, estradiol, and progesterone, known to stimulate growth in vivo and in organ culture, to stimulate directly the growth of mammary epithelial cells. In contrast to the in vivo findings, prolactin and ovarian steroids did not stimulate the growth ofmouse mammary epithelial cells when cultured in this system in medium containing serum (3) . These results are compatible with the hypothesis that classical in vivo mammogenic hormones may not be direct mitogens for the mammary epithelium (8, 9) . However, a limitation of these studies was the use of medium containing serum which may mask, inhibit, or modulate the growth-promoting effects of exogenous hormones. To circumvent this problem, the development of a serum-free culture medium would be ofthe utmost importance.
Serum-free media have been established for the propagation of cell lines derived from human mammary carcinomas (10, 11) and various primary cell cultures (12) (13) (14) (15) (16) (17) , including the limited growth of preneoplastic mouse mammary cells (18) and of rat mammary epithelial cells (19) . However, attainment of sustained growth of normal or tumor mammary epithelial cells in serum-free primary culture has been an elusive goal.
We now report the development ofa serum-free collagen gel culture system in which mouse mammary epithelial cells undergo sustained growth.
MATERIALS AND METHODS
The cell dissociation and culture procedures were essentially the same as described (3) with modifications as indicated. In brief, mammary glands from midpregnant (12-16 days) or virgin BALB/c mice or BALB/cfC3H mammary tumors were minced and dissociated at 37C in a gyratory water bath by a two-step procedure. Collagenase (0.1%, Worthington CLS III) treatment for 60-90 min at 120-180 rpm was followed by Pronase treatment (0.05-0.1%) for 30 min. This procedure differs from the published procedure by the inclusion of bovine serum albumin, fraction V, at 1 mg/ml in the medium during collagenase and Pronase dissociation and by the use ofa lower Pronase concentration (0.05-0.1% instead of 0.5%). At no time during the cell dissociation procedure were the cells exposed to serum.
After separation from stromal cells by Percoll density gradient centrifugation, epithelial cells were collected and embedded within neutralized collagen gels (rat tail collagen dissolved in acetic acid) at an initial density of 0. (20) . Albumin was added directly to the medium, and the pH was adjusted to 7.4 if necessary. The dialyzed and delipidized/dialyzed albumin were taken from the same lot of untreated fraction V used in these experiments.
Abbreviations: EGF, epidermal growth factor; DME medium, Dulbecco's modified Eagle's medium.
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Cell number was determined as described (3) by a DNA fluorometric assay (21) with BALB/cfC3H tumor or normal cells for standards. Because the cells in primary culture are overwhelmingly diploid, the DNA determination reflects cell number.
RESULTS
Mammary epithelial cells from midpregnant and virgin BALB/ c mice underwent sustained growth when cultured for [10] [11] [12] days in the 1:1 mixture of Hepes-buffered (20 mM) Ham's F12 and DME medium supplemented with insulin (10 pkg/ml), transferrin (10 ug/ml), EGF (0.1 ug/ml), cholera toxin (0.01 ,ug/ml), and bovine serum albumin fraction V (5 mg/ml). The mammary epithelial nature of these cultured cells has been demonstrated by the observed induction of casein synthesis in serum-free culture (J. Yang Results are shown as mean ± SEM (n = 3). The medium was supplemented with insulin (10 A/ml), transferrin (10 g/ml), EGF (0.1 pgml), cholera toxin (0.01 Hg/ml), and bovine serum albumin fraction V (5 mg/ml). pkg/ml), a-tocopherol (1-50 Ag/ml), selenium (1-100 nM), and triiodothyronine (1-100 pM), did not significantly enhance growth when added to the serum-free medium. Putrescine (10-50 ,ug/ml) enhanced growth but not consistently.
Bovine serum albumin was not absolutely required in all experiments, but its omission could drastically limit growth. Fraction V may contain both low and high molecular weight contaminants such as serum globulins, lipoproteins, trace elements, hormones, and lipids which might be used by the cells. Dialyzed, dialyzed and delipidized, and crystalline [free of globulin but not lipoprotein contamination (22) ] bovine serum albumin fraction V were tested for their growth-supporting capacities in comparison to untreated albumin. The medium for these experiments also contained insulin (10 jig/ml), EGF (10 ng/ml), transferrin (10 ,ug/ml), and cholera toxin (0.01 ,tg/ml) and is designated SFM. The growth response to the different albumin preparations was variable. bicarbonate only and supplemented with insulin (10 tkg/ml), transferrin (10 jug/ml), albumin (1 or 5 mg/ml), and cholera toxin (0.01 ,ug/ml) with or without EGF (10 ng/ml). These studies reveal that lithium (added as lithium chloride) at a concentration of 5-10 mM can stimulate the growth of mammary epithelial cells from virgin. and midpregnant mice cultured in this serum-free medium. In dose-response studies similar to those in Table 1 , lithium potentiated the growth response to all the components of this serum-free medium but its potentiating effect required the presence of insulin and albumin. Although lithium could not substitute for insulin or albumin in the promotion or maintenance of growth, it could replace EGF. Cells cultured in the absence of EGF could be stimulated to grow by A supraphysiological concentration, 10 pAg/ml, of insulin is required for optimal growth, although appreciable growth will occur at 1 Ag/ml. This requirement for a high insulin concentration may-reflect binding to the collagen and degradation in culture (10) or, alternatively, low-affinity insulin binding to receptors for as yet undefined mammotropic insulin-like growth factors.
It is known that EGF can stimulate the growth of cultured human (5, 25, 26) and mouse mammary epithelial cells (4) . The results reported here demonstrate that EGF not only promotes growth but also is required for the growth of cells from both midpregnant and virgin mice. EGF is required for the second round of growth of mouse mammary glands in organ culture (27) and is present in mouse plasma and milk in nanogram quantities (28) , findings compatible with the hypothesis that EGF may be important in vivo, possibly in the regulation of basement membrane synthesis (29) .
Preliminary studies examining the effect of lithium upon growth indicate that lithium can replace EGF for the growth
'Proc. Natl. Acad.'S.ci. USA 79 (1982) of mammary epithelial cells from normal mice. This effect may suggest a possible relationship between EGF and ion transport or the ionic composition ofthe cell relevant to the mode ofaction of EGF upon cellular growth. The EGF-independent growth of some tumors may indicate that they are producing an endogenous growth factor capable of stimulating growth or have become less dependent upon growth factors for growth (30) (31) (32) . The nature ofthe substances that bovine serum albumin may provide to the cells is unknown but may be lipids or lipid soluble as suggested by the decrease in growth observed with crystalline or solvent-extracted albumin preparations. Crystalline albumin can inhibit growth. This inhibition may result from decanol contamination of the preparation (33) . Lipids have been shown to be required for or to enhance the growth of cultured cells, including mammary epithelial cells (17, 29, (33) (34) (35) . It must be remembered that, although crystalline and solventextracted albumin may contain relatively less fatty acid than fraction V albumin, they are not completely lipid-free and are contaminated with lipoproteins (22, 33) . Thus, growth in the presence of either of these albumin preparations does not necessarily indicate an absolute independence of growth from exogenous lipid. Our lot of albumin fraction V was assayed for steroids by radioimmunoassay (kindly provided by Paul Licht) and was found to contain picogram amounts of estradiol and progesterone per gram of albumin. Therefore, the albumin is not a significant source of ovarian steroids. In addition, the addition of ovarian steroids and prolactin, at various concentrations, to this serum-free mammary cell culture system does not stimulate cell growth (unpublished data).
Serum-free collagen gel primary culture of mouse mammary epithelium allows prolonged multifold growth in a system to which steroids can be added to test for their direct mitogenicity with no or minimal endogenous steroid present. It is our hope that the development of this serum-free culture system will greatly facilitate the identification of the hormones and growth factors that regulate the growth and development of the mammary gland. Only then can questions concerning the interplay and mechanism of action of hormones and growth factors in normal and abnormal growth regulation be meaningfully approached. Serum-free culture may also lead to the design of selective media for the growth of transformed cells which will be useful in studies of carcinogenesis in the mammary gland. This investigation was supported by U.S. Public Health Service Grants CA05388 and;CA09041.
